Transport and magnetic properties of Co-doped BaFe_{2}As_{2} epitaxial
  thin films by Mohan, Shyam et al.
Transport and magnetic properties of Co-doped BaFe2As2 
epitaxial thin films 
Shyam Mohan1, Toshihiro Taen1, Hidenori Yagyuda1, Yasuyuki 
Nakajima1,2, Tsuyoshi Tamegai1,2, Takayoshi Katase3, Hidenori 
Hiramatsu4 and Hideo Hosono3, 4 
 
1Department of Applied Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, 
Tokyo 113-8656, Japan 
2JST, Transformative Research-Project on Iron Pnictides (TRIP), 7-3-1 Hongo, Bunkyo- 
ku, Tokyo 113-8656, Japan 
3Materials and Structures Laboratory, Mailbox R3-1, Tokyo Institute of Technology, 
4259 Nagatsuta, Midori, Yokohama 226-8503, Japan  
4Frontier Research Center, S2-6F East, Mailbox S2-13, Tokyo Institute of Technology, 
4259Nagatsuta, Midori, Yokohama 226-8503, Japan 
 
PACS: 74.70.Xa, 74.78.-w, 74.25.F-, 74.25.Ha 
 
Abstract. We report resistivity, Hall coefficient, current-voltage characteristics, and 
magneto-optical imaging measurements of epitaxial Co-doped BaFe2As2 thin films 
deposited on MgO(001) substrate. The Hall resistivity of the films has a substantial 
contribution arising from anomalous Hall effect of ferromagnetic components. The 
critical current density (Jc) of the films is ~2 MA/cm2 at low temperatures. Differential 
magneto-optical images of the remanent state give similar Jc values and also exhibit 
presence of extended defects in the film. 
 
 
 
 
The discovery of iron-based superconductors [1] has led to an intensive research activity with an 
aim to understand their fundamental properties as well as to pursue potential applications. Thin 
films of various iron-based superconductors have attracted attention for potential electronic 
device applications and studying the intrinsic properties. Thin films of F-doped LnFeAsO (Ln = 
La,Nd) [2,3,4,5,6], Co-doped AEFe2As2 (AE = Ba, Sr) [7,8,9,10,11,12], and FeSe1-xTex [13,14,15] 
have been successfully prepared by various groups. The difficulty in controlling the stochiometry 
coupled with the high vapour pressure of As at high temperatures caused considerable difficulties 
in the fabrication of LaFeAs(O,F) thin films: the initial films were not superconducting [2]. 
Subsequently, it was found that post-annealing of the LaFeAs(O,F) films leads to appearance of 
superconductivity [3]. Very recently, successful fabrication of NdFeAs(O,F) thin films showing 
superconductivity at 48 K without post-annealing has been reported [6]. On the other hand, thin 
films of Co-doped BaFe2As2 have become a prime candidate for device fabrication [16] due to the 
ease of growing films with modest transition temperatures (Tc), high crystallinity and high 
chemical stability in ambient atmosphere [8]. While Co-doped BaFe2As2 films deposited on 
SrTiO3 exhibited high critical current density (Jc) > 1 MA/cm2, the conducting paths in SrTiO3 
was a concern [11]. Subsequently, films deposited on insulating (La,Sr)(Al,Ta)O3 using an 
intermediate layer of SrTiO3 or BaTiO3 were shown to be truly epitaxial and possessing high Jc ~4 
MA/cm2 [12]. However, careful optimization of the deposition conditions also lead to such high 
values of Jc for films deposited on (La,Sr)(Al,Ta)O3 without the need for buffer layers [17]. The 
Tc of films deposited by various groups are close to that of Co-doped BaFe2As2 single crystals. In 
particular, transition temperature of the films were found to increase with increasing c/a ratio 
[10], with Tc reaching about 24 K for films deposited on (La,Sr)(Al,Ta)O3 and SrTiO3 and having 
c/a ~3.3. 
 
Here we present the characterization of superconducting properties of epitaxial thin films of Co-
doped BaFe2As2 deposited on MgO substrates. The results of our investigations using resistivity, 
Hall coefficient, current-voltage (I-V) characteristics, and magneto-optical imaging measurements 
are discussed. 
 
8% Co-doped BaFe2As2 films with thickness 220 nm were deposited on MgO(001) single-crystal 
substrates by laser ablation [17]. The phase purity and crystallinity were quite similar to those of 
samples reported in Ref. 17. The obtained films were patterned in a 6.7 μm wide four-terminal 
and 0.1 mm wide six-terminal shape for I-V measurements, and for resistivity and Hall 
measurements, respectively by photolithography and Ar ion milling. 
 
 For transport measurements, terminal contacts were made with gold wires using conductive 
silver paint.  Resistivity measurements were performed in the standard four-probe method with 
the current applied along the ab plane of the film. The distance between voltage contacts was 650 
µm. Figure 1(a) shows the temperature (T) dependence of the in-plane resistivity (ρxx) in the film 
at zero-field. The room temperature resistivity of the film is ρxx (300 K) = 175 µΩcm; this is 
much lower than the corresponding value (~300 µΩcm) reported in single crystals [18]. With 
decreasing temperature, the resistivity decreases monotonically followed by an abrupt drop 
starting at Tc,onset ~21 K and reaching zero resistivity at Tc,zero ~19 K.  The residual resistivity ratio 
ρxx (300 K)/ ρxx (Tc,onset) is 1.94 which compares well with the value in single crystals [18]. The 
upper inset in figure 1 shows the variation of the magnetization with temperature, measured using 
a commercial SQUID magnetometer (Quantum Design MPMS-XL5), both in the zero-field-
cooled (ZFC) and field-cooled (FC) modes with a field H = 5 Oe applied along the c-axis of the 
film. A gradual transition to the superconducting state starting from ~18 K is observed. The 
variation of Tc with magnetic field is shown in the lower inset of figure 1(a) for H = 0, 10, 20, 30, 
40, and 50 kOe applied along the c-axis of the film. With increasing field, the resistive transition 
shifts to lower temperatures accompanied by a slight increase in the transition width. Figure 1(b) 
(filled symbols) shows the variation of the upper critical field Hc2 along the c- and ab-directions 
with reduced temperature t = T/Tc,onset. The values of Hc2 were defined as the field at the midpoint 
of the resistive transition. The slopes of Hc2 along the c- and ab-directions at Tc are -28.2 kOe/K 
and -51.3 kOe/K, respectively. For comparison, the Hc2(t) in a Ba(Fe0.93Co0.07)2As2 single crystal 
(data taken from Nakajima et al. [19]) is also shown in figure 1(b) (open symbols). The values of 
Hc2 at T = 0 K estimated using the Werthamer-Helfand-Hohenberg formula, ܪ௖ଶ ሺ0ሻ ൌ
 െ0.69 ௖ܶ|dܪ௖ଶ dܶ⁄ |்ୀ ೎் , were ~360 and 650 kOe along the  c- and ab-directions, respectively. 
These values are about 25% smaller than Hc2(0) in single crystals of  Co-doped BaFe2As2 [20]. 
From figure 1(b), the anisotropy factor ߛ ൌ ܪ௖ଶ௔௕/ܪ௖ଶ௖   of the film is ~2 and has weak temperature 
dependence, as shown in the inset of figure 1(b). 
 
The Hall voltage was obtained by subtracting the transverse voltages measured with positive and 
negative magnetic fields. Figure 2(a) shows the Hall resistivity (ρxy) at several temperatures as a 
function of field in the Co-doped BaFe2As2 thin film. At all temperatures, the low-field ρxy is 
positive and has a positive slope till around 2 kOe; subsequently ρxy drops with field and becomes 
negative at high fields. With increasing temperature, the sign reversal of ρxy sets in at 
progressively higher fields – varying from ~3 kOe at 25 K to ~16 kOe at 300 K. In our film, 
while the low-temperature ρxy is linear in H (except at very low fields, viz., below 2 kOe), at high 
temperatures the H-linear part appears only at higher fields. By contrast, ρxy is negative at all 
temperatures in single crystals of Co-doped BaFe2As2 and varies linearly with H [18,19]. The ρxy 
variation in the film suggests a contribution arising from anomalous Hall effect (AHE) due to 
ferromagnetic Fe and/or Co. The Hall coefficient in a ferromagnet is empirically expressed as ρxy 
= RHH + 4πRSM, where RH and RS are the ordinary and anomalous Hall coefficients, respectively. 
In pure Fe and Co-doped Fe, it has been shown that the H-linear term is suppressed at lower 
fields by AHE [21]. Hence, we believe, our data shows a substantial influence of AHE in the 
transverse resistivity. We note that recently AHE was also reported in FeSe1-xTex films [22]. 
Shown in figure 2(b) (filled symbols) is the temperature dependence of the Hall coefficient RH 
obtained from the H-linear portion of ρxy. The sign of RH is negative in the whole temperature 
range, similar to single crystals [18,19,23] which indicates that the majority charge carriers are 
electrons. RH decreases gradually with decreasing temperature from 300 K to around 75 K beyond 
which RH has relatively weak temperature dependence. The value of RH at 300 K is three times 
larger than that just above Tc. The values of RH agree quite well with that in slightly overdoped 
single crystals [23].  
 
Figure 3(a) shows the zero-field I-V characteristics at different temperatures ranging from 2 K to 
17 K.  Measurable voltage appears once the driving force exceeds the pinning force in the 
superconductor. The critical current density Jc was obtained from the I-V plots using a voltage 
criterion of 1μV. The temperature dependence of Jc is shown in figure 3(b). The films exhibit 
high Jc values reaching up to 2.2 MA/cm2 at 2 K. Figure 3(b) inset shows the magnetization 
hysteresis loop measured with H // c at 3.5 K on a 1.4×1.55 mm2 film using a vibration sample 
magnetometer. According to the Bean critical state model, Jc (which is assumed to be field-
independent) is given by 
ܬ௖ ൌ 20
∆ܯ
ܽ ቀ1 െ ܽ3ܾቁ
 
where ∆ܯ is the difference between the magnetizations on the field-decreasing and field-
increasing legs of the hysteresis loops and a and b are the film widths with ܽ ൏  ܾ. Also shown in 
figure 3(b) main panel (star) is the self-field Jc extracted from the hysteresis loop at 3.5 K. The 
extracted Jc (2.5 MA/cm2) is larger than that obtained from transport measurement. 
 
Magneto-optical (MO) images were captured using the local-field dependent Faraday rotation of 
linearly polarized light in an in-plane magnetized garnet film placed above the sample. The 
intensity values in an MO image are directly related to the local axial magnetic induction Bz [24]. 
MO images in the remanent state were obtained on a 0.5×0.5 mm2 patterned film (figure 4(a)) 
after applying a field of 800 Oe which was subsequently decreased down to zero. Shown in 
figures 4(b)-(e) are MO images of the remanent state captured at several different temperatures. A 
defective portion across the left edge of the film (see figure 4(a)) causes a severe suppression of 
contrast in the MO image on this edge. The two lines, running from the top to the left and right, 
across the film in the MO images are scratches on the garnet indicator film. In these figures, the 
bright regions correspond to the trapped flux in the film. At all temperatures, the flux distribution 
is inhomogeneous which arises from extended defects in the film. These flux distribution images 
have no relation to dendritic flux patterns observed in other superconductors [25]. The trapped 
flux has maximum near the centre and along one of the diagonals of the film. The deviation from 
the ideal flux profiles, as expected from Bean’s critical state model, is due to the presence of 
extended defects in the film. With increasing T, decreased pinning caused by thermal fluctuations 
gradually smears out the flux profile. In figure 4(f) we show the magnetic flux profiles (Bz(x)) at 
different temperatures in the thin film. The flux profile at each T is obtained from the 
corresponding MO image taken along the dashed line represented in figure 4(b). In figure 4(f) the 
feature at around -150 µm and 300 µm in all curves are due to defects on the indicator film. The 
presence of extended defects gives rise to the irregular profiles. However, the overall flux profile 
is as expected for a thin film, with a sign change of the magnetic induction close to the edge of 
the film (Across this line, the actual film width is reduced due to the defective portion on the left 
edge). Within the Bean’s critical state model for a thin film [26], Bz(x) is related to Jc as  
ܤ௭ሺݔሻ ൌ
ܬ௖2݀
ܿ
݈݊ ቊ
ሾݖଶ ൅ ሺݔ െ ܽሻଶሿሾݖଶ ൅ ሺݔ ൅ ܽሻଶሿ
ሾݖଶ ൅ ݔଶሿଶ
ቋ 
where z is the height of the garnet film from the surface of the Co-doped BaFe2As2 film of width 
2a and thickness 2d. Using z = 2 μm for an optimal setting [27], a fit to Bz(x) at 5 K using the 
above equation is shown in figure 4(f) (dashed line). The flux profiles in our sample do not match 
very well with the fit due to the asymmetry of the profile caused by extended defects in the film. 
The fit gives a value of Jc = 1.3 MA/cm2. From the MO images, Jc can also be estimated 
assuming Jc ~ΔBz /2d where ΔBz is the difference in local induction between the center and edge 
of the film and 2d is the film thickness. At T = 5 K, this gives a value of Jc ~3 MA/cm2. In 
comparison, at 5 K the Jc obtained from transport measurements (figure 3(b)) is ~2 MA/cm2, 
which is midway between the Jc obtained from the flux profiles in two different ways. Thus, we 
can safely assume that the local Jc is similar to that obtained by global transport measurements. 
 
To summarize, resistivity, Hall coefficient, current-voltage characteristics, and magneto-optical 
imaging measurements were performed in epitaxial Co-doped BaFe2As2 thin films. The Hall 
resistivity of the film has a substantial contribution arising from anomalous Hall effect of 
ferromagnetic elements. Hence the H-linear part of the Hall resistivity differs at low and high 
temperatures. From transport measurements, the critical current density Jc of the film is ~2.2 
MA/cm2 (at 2 K). The differential magneto-optical images of the remanent state also give values 
of Jc similar to that obtained by transport measurement. However, the presence of extended 
defects is also demonstrated in the magneto-optical images. Elimination of such defects is vital 
for future improvement of film quality. 
 
The woks at the Frontier Research Center were supported by the Japan Society for the Promotion 
of Science (JSPS), Japan, through “Funding Program for World-Leading Innovative R&D on 
Science and Technology (FIRST) Program”. 
 
References 
                                                            
[1] Kamihara Y, Watanabe T, Hirano M and  Hosono H 2008 J. Am. Chem. Soc. 130 3296 
[2] Hiramatsu H, Katase T, Kamiya T, Hirano M and  Hosono H 2008 Appl. Phys. Lett. 93      
162504 
[3] Backen E, Haindl S, Niemeier T, Hühne R, Freudenberg F, Werner J, Behr G, Schultz L and  
Holzapfel B 2008 Supercond. Sci. Technol. 21 122001 
[4] Kawaguchi T, Uemura H, Ohno T, Watanabe R, Tabuchi M, Ujihara T, Takenaka K, Takeda 
Y and Ikuta H 2009 Appl. Phys. Express 2 093002 
[5] Haindl S, Kidszun M, Kauffmann A, Nenkov K, Kozlova N, Freudenberger J, Thersleff T, 
Hanisch J, Werner J, Reich E, Schultz L and Holzapfel B 2010 Phys. Rev. Lett. 104 077001 
[6] Kawaguchi T, Uemura H, Ohno T, Tabuchi M, Ujihara T, Takenaka K, Takeda Y and Ikuta H 
arXiv: 1005.0186 
[7] Hiramatsu H, Katase T, Kamiya T, Hirano M and Hosono H 2008 Appl. Phys. Express 1 
101702  
[8] Katase T, Hiramatsu H, Yanagi H, Kamiya T, Hirano M and Hosono H 2009 Solid State 
Commun. 149 2121  
[9] Choi E M, Jung S G, Lee N H, Kwon Y S, Kang W N, Kim D H, Jung M H, Lee S I and Sun 
L 2009 Appl. Phys. Lett. 95 062507  
                                                                                                                                                                                 
[10] Iida K, Hänisch J, Hühne R, Kurth F, Kidszun M, Haindl S, Werner J, Schultz L and 
Holzapfel B 2009 Appl. Phys. Lett. 95 192501 
[11] Lee S, Jiang J, Weiss J D, Folkman C M, Bark C W, Tarantini C, Xu A, Abraimov D, 
Polyanskii A, Nelson C T, Zhang Y, Baek S H, Jang H W, Yamamoto A, Kametani F, Pan 
X Q, Hellstrom E E, Gurevich A, Eom C B and Larbalestier D C 2009 Appl. Phys. Lett. 95 
212505 
[12] Lee S, Jiang J, Zhang Y, Bark C W, Weiss J D, Tarantini C, Nelson C T, Jang H W, 
Folkman C M, Baek S H, Polyanskii A, Abraimov D, Yamamoto A, Park J W, Pan X Q, 
Hellstrom X Q, Larbalestier D C and Eom C B 2010 Nature Materials 9 397 
[13] Wu M K, Hsu F C, Yeh K W, Huang T W, Luo J Y, Wang M J, Chang H H, Chen T K, Rao 
S M, Mok B H, Chen C L, Huang Y L, Ke C T, Wu P M, Chang A M, Wu C T and Perng T 
P 2009 Physica C 469 340  
[14] Nie Y F, Brahimi E, Budnick J I, Hines W A, Jain M and Wells B O 2009 Appl. Phys. Lett. 
94 242505  
[15] Imai Y, Tanaka R, Akiike T, Hanawa M, Tsukada I and Maeda A 2010 Jpn. J. Appl. Phys. 
49 023101  
[16] Katase T, Ishimaru Y, Tsukamoto A, Hiramatsu H, Kamiya T, Tanabe K and Hosono H 
2010 Supercond. Sci. Technol. 23 082001 
[17] Katase T, Hiramatsu H, Kamiya T and Hosono H 2010 Appl. Phys. Express 3 063101 
[18] Sefat A S, Jin R, McGuire M A, Sales B C, Singh D J and Mandrus D 2008 Phys. Rev. Lett. 
101 117004 
[19] Nakajima Y, Taen T and Tamegai T 2009 J. Phys. Soc. Jpn. 78 03702 
Note: This reference quotes the nominal composition of the crystal. 
[20] Sun D L, Liu Y and Lin C T 2009 Phys. Rev. B 80 144515 
[21] Shiomi Y, Onose Y and Tokura Y 2009 Phys. Rev. B 79 100404(R) 
[22] Tsukada I, Hanawa M, Komiya S, Akiike T, Tanaka R, Imai Y and Maeda A 2010 Phys. 
Rev. B 81 054515 
[23] Katayama N, Kiuchi Y, Matsushita Y and Ohgushi K 2009 J. Phys. Soc. Jpn. 78 123702 
[24] Jooss C, Albrecht J, Kuhn H, Leonhardt S and Kronmueller H 2002 Rep. Prog. Phys. 65 651 
[25] Altshuler E and Johansen T H 2004 Rev. Mod. Phys. 76 471 
[26] Prozorov R, Tanatar M A, Roy B, Ni N, Bud’ko S L, Canfield P C, Hua J, Welp U and 
Kwok W K 2010 Phys. Rev. B 81 094509 
[27] Terao M, Tokunaga Y, Tokunaga M and Tamegai T 2005  Physica C 426 94 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
 
 
 
 
 
 
Figur
BaFe2
with H
variat
and 5
tempe
doped
tempe
 
 
 
 
 
 
 
 
 
 
                        
e 1. (a) Th
As2 thin film
 = 5 Oe alon
ion of ρxx nea
0 kOe. (b) P
rature determ
 BaFe2As2 th
rature depen
                       
e temperatur
 at zero-field
g the c-axis 
r Tc with ma
lot of the th
ined by the 
in film (filled
dence of the a
                       
e dependenc
. The upper 
in ZFC and F
gnetic field a
e upper crit
midpoint of 
 symbols) an
nisotropy fa
                      
e of the in
inset shows 
C modes of m
long the c-ax
ical field Hc2
resistive tran
d in a single
ctor in the thi
                        
-plane resist
the magnetiz
easurement
is of the film
 along the c
sition from th
 crystal (open
n film. 
                       
ivity ρxx in 
ation of the 
. The lower i
 for H = 0, 
- and ab-dir
e lower inse
 symbols). In
                       
the Co-dope
film measure
nset shows th
10, 20, 30, 40
ections versu
t of (a) in Co
set shows th
    
 
d 
d 
e 
, 
s 
-
e 
          
 
 
 
 
 
 
 
 
Figur
The p
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                        
e 2. (a) The 
lot of the Hal
                       
Hall resistivi
l coefficient 
                       
ty ρxy at seve
RH with temp
                      
ral temperatu
erature obtai
                        
res as a fun
ned from (a).
                       
ction of mag
 
                       
netic field. (b
    
 
) 
          
 
 
 
 
 
 
Figur
2, 4, 6
(a). T
inset. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                        
e 3. (a) The z
, 8, 10, 12, 1
he data point
                       
ero-field cur
4, 16, and 17
 at 3.5 K (sta
                       
rent-voltage 
 K. (b) The c
r) is obtained
                      
characteristic
ritical curren
 from the ma
                        
s in Co-dope
t density Jc a
gnetization h
                       
d BaFe2As2 t
t different T  
ysteresis loop
                       
hin film at T
obtained from
 shown in th
    
 
= 
 
e 
          
 
 
 
 
 
 
Figur
magn
K, (d)
the da
critica
 
                        
e 4. (a) Op
eto-optical im
 10 K, and (
shed line ill
l state model
                       
tical image o
ages of the 
e) 12.5 K. (f
ustrated in (b
. 
                       
f the film u
remanent stat
) The local m
). The dashe
                      
sed for mag
e in Co-dope
agnetic indu
d line in (f)
                        
neto-optical
d BaFe2As2 t
ction profile
 is a fit to th
                       
 imaging. Th
hin film at (b
s at different 
e profile at 
                       
e differentia
) 5 K, (c) 7.
T taken alon
5 K using th
    
 
l 
5 
g 
e 
